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論 文 内 容 要 旨          
Tokamak type of fusion reactor consisted of many component such as magnets, vacuum vessel, divertor, blankets 
etc. and some components which positioned in vessel and facing core plasma called plasma facing 
components(PFCs). These components are placed in rough environments with facing the core plasma which 
contains high energy. Thus, the PFCs are affected by high energy ions and neutrons emitted from the core plasma. 
Therefore, it is need to concern the deterioration by the particle bombardment and high heat flux exposure during 
reactor operation for selecting the material. Tungsten (W) has the highest melting temperature in all the metals 
and high sputtering resistance. In addition to the properties, Hydrogen solubility is lower than other candidate 
materials. It means lower Tritium inventory in a fusion reactor. It is one of advantages of W from the view point of 
radiation safety and fuel economics of a fusion reactor. Thus, W is promising candidate material for plasma facing 
component.  
W of PFC is exposed to severe neutron irradiation and heat load in a fusion reactor. W for the first wall of 
blanket receives heat load of 10 MWa / m2 for 5 years, and for the divertor receives 5 MWa / m2 for 5 years. In 
addition to the heat load, displacement damage by the neutron bombardment is introduced in W. The 
displacement damages will be 30 dpa for the first wall and 15 dpa for the diverter during 5 years operation. It is 
well known that neutron irradiation causes changes in material properties by the introducing displacement 
damage such as vacancies, self-interstitial atoms (SIAs), and their clusters (e.g., voids and dislocation loops). As for 
the effects on mechanical properties, the irradiation induced defects and clusters cause hardening and 
embrittlement. These property changes affect lifetime and reliability of W as PFC materials. The neutron 
irradiation also introduces transmuted elements from W such as Rhenium (Re) and Osmium (Os). For example, 
Re generate from W up to 6% in the first wall and 3% in the divertor after 5 years operation. Meanwhile, the 
neutron irradiation in future fusion power reactors such as DEMO cannot simulate because the neutron 
irradiation fluence in current fusion device is not high enough to study the fusion power reactor condition. High 
energy and high intense neutron source, which has enough flux of 14 MeV neutron, is not presently available; 
therefore, neutron irradiation studies on materials have been conducted in fission reactors. The transmutation 
behavior in a fusion reactor and fission reactors are different. To understand transmutation elements on damage 
structure developments, the difference between the irradiation fields should be clarified.  
Main source of the transmutation is neutron capture reactions in lower neutron energy region. The amounts of 
transmuted elements from W are mainly affected by thermal neutron flux in the fission reactors because the cross 
sections of neutron capture reaction of W are significant in the lower neutron energy region especially in water 
cooling fission reactors. In our previous works, irradiation hardening behavior of W were studied using two 
different types of reactors; a mixed spectrum reactor such as High Flux Isotope Reactor (HFIR) in the USA, and a 
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fast neutron experimental reactor Joyo in Japan. HFIR has a higher thermal neutron flux, and the irradiation to 
high dpa level (above about 1dpa) of W causes significant irradiation hardening compared to the irradiation by 
Joyo, which has a lower thermal neutron flux. These results showed that irradiation hardening due to the defect 
cluster formation at higher irradiation levels strongly depended on the neutron energy spectrum of irradiation 
reactors. The significant hardening of W obtained by HFIR irradiation is caused by W-Re precipitates such as σ 
(WRe)- or χ (WRe3)-phases formed during reactor irradiation. On the other hand, it is well known that the 
solubility limit of Re in W under unirradiated condition is approximately 25%; therefore, these precipitates are 
considered as irradiation-induced precipitates. These precipitates have very high hardness in unirradiated 
conditions; therefore, the formation of these precipitates may affect the irradiation hardening of the neutron 
irradiated W samples. Embrittlement of W around room temperature is one of important properties of W as PFCs. 
The irradiation embrittlement has strongly related to plastic deformation behavior. Suppression of irradiation 
hardening of W after irradiation is one of important issues to use W in PFCs. To clarify the mechanism of 
irradiation hardening behavior of W is necessary to develop materials for fusion power reactor.  
Microstructural observation of pure W, W-5, -10, and -26Re was conducted previously and the irradiation 
hardening was measured after neutron irradiation to 0.17 dpa at 400°C, 0.37 dpa at 500°C, 0.40 dpa at 740°C, 0.96 
dpa at 538°C, and 1.54 dpa at 750°C. In order to investigate the relationship between the defects formation 
behavior and irradiation hardening, the irradiation hardening was evaluated based on results obtained by TEM 
(Transmission Electron Microscopy). It has been reported that discrepancy exists between the calculated hardness 
based on defect cluster analysis with using ∆𝐻𝑣 = 6𝛼𝜇𝑏(𝑁𝑑)
1/2 equation and measured hardening values by 
Vickers hardness tester in medium displacement level (0.5 to 1 dpa) to irradiated pure W and W-Re alloys. 
Possibility of invisible defect clusters by TEM has been proposed in recent researches.  
The formation of Re-enriched cluster in W under neutron irradiation environment have been studied to apply 
defect cluster formation behavior of W in fission reactor irradiation conditions.  The atom probe tomography 
(APT) technique is one of powerful experimental techniques to study formation behavior of small defects and small 
solute atom cluster in materials. In this work, we apply the APT to clarify formation behavior of solute Re clusters 
transmuted from W during fission reactor irradiation, which cause severe irradiation hardening of W. The 
specimens for APT was fabricated by FIB milling method from neutron irradiated specimens. AP analysis was 
conducted by using 3D-LEAP-4000X HR in international research center for nuclear materials science of institute 
for materials research, Tohoku university. The AP analysis was carried out with laser assist mode because W is 
very fragile material in case of voltage mode. 
Mass spectrum and atoms distribution maps were obtained by the AP analysis. Each peak in mass spectrum 
was analyzed by identifying atoms. The solute cluster analysis was conducted with envelope for size and number 
density and erosion method for chemical composition inside of clusters. 
The results obtained by APT and microstructural observation by transmission electron microscopy (TEM) were 
used to clarify effects of the transmutation elements in W. In this research, previously neutron irradiated pure W 
and W-10Re alloys were examined for the analysis. These samples were irradiated to 0.96 dpa at 538°C in a 
fast-experimental reactor Joyo, and irradiated to 0.90 dpa at 500°C in a mixed spectrum reactor HFIR. The 
chemical compositions of the matrix, Re clusters, and precipitates were determined by the AP analysis before and 
after the reactor irradiation. The Joyo irradiated samples contained smaller amounts of transmuted Re and Os, 
while the HFIR irradiated samples contained larger amounts of Re and Os. Transmuted rate in HFIR is about ten 
times higher than that in Joyo. Re-enriched clusters were observed in each irradiated specimen by APT analysis 
and demonstrated characteristic spatial distribution related to defect clusters distribution such as void and void 
lattice structure. The following results were obtained; Chemical compositions after irradiation by two different 
types of reactor, Re was main transmutation elements in both irradiated pure W specimens. On the contrary, Os 
was primary transmutation element in W-10Re. The chemical composition of Re and Os were investigated with 
increase of irradiated neutron fluence.  
Formation of Re enriched clusters was observed in all specimens. The cluster analysis was performed to 
determine the composition in each cluster. The composition of pure W irradiated with Joyo at 0.96 dpa was 
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expressed on a W-Re-Os ternary phase diagram, it was in the bcc-W region, but the other specimens which 
irradiated almost the same displacement damage was in the mixed region of bcc-W and σ phase.  
According to the results of cluster analysis, Re clusters distribution strongly related to the defect cluster 
distribution was observed. Many Re clusters standing in line which corresponded to void lattice structure was 
obtained. This result showed Re tend to precipitate on void surface. Chemical composition of the Re-enriched 
clusters was analyzed by AP shows that the cluster contained 20% of Re or less even in W-10Re. Thus, the Re 
concentration of clusters is lower than σ-phase and χ-phase. AP also shows presence of Re-enriched clusters in 
W-10Re specimen irradiated to 0.44 dpa in Joyo. In this specimen discrepancy between the calculated hardness 
and measured hardness had been reported. Number density of the observed Re clusters by APT is approximately 
10 times more than that of visible defect clusters by TEM. The Re enriched cluster may be a candidate of the 
source of the hardening. In this study, the α constant which present the relationship between the obstacle and 
dislocation is not clarified. To investigate the relationship between solute clusters and dislocation movement, the 
relationship between the solute clusters and defect need to be clarified in advance for more detailed information 
using same needle specimen. Then, the α constant would be clarified by TEM in-situ tensile test. 
In this study, the α constant which present the relationship between the obstacle and dislocation is not 
clarified. To investigate the relationship between solute clusters and dislocation movement, the relationship 
between the solute clusters and defect need to be clarified in advance for more detailed information using same 
needle specimen. Then, the α constant would be clarified by TEM insitu tensile test. 
Heavy ion irradiation was also used to study dependence of irradiation fluence (dpa) on the irradiation 
hardening and micro structure development of W and W-3Re alloy. The heavy-ion irradiation was conducted on W 
and W-3Re alloy using 3 MeV tandem accelerators at Takasaki Particle Applied Research Laboratory in QST. The 
ion irradiation was conducted using 18 MeV W6+ and irradiation temperatures were 500 and 800°C. The 
irradiation hardening of pure W and W-3Re for up to 8.0 dpa, and also microstructures of pure W and W-3Re for 
up to 5.0 dpa by self-ion irradiation were investigated in this work. The irradiation hardening was measured by a 
depth-sensing indentation nanoindentation technique with Oliver-Pharr method. The irradiation hardening was 
saturated at 0.2 dpa for pure W. In the case of W-3Re, the irradiation hardening showed a peak at 1.0 dpa. 
Microstructural observations of pure W and W-3Re were conducted with using TEM. All specimens excepting 
W-3Re which irradiated to 0.2 dpa at 800°C contained voids and dislocation loops. Precipitates were not confirmed 
by TEM observations. As a result of the nanoindentation hardness test, it was shown that the irradiation 
hardening is saturated above 0.2 dpa. These were consistent with the trend of microstructure results. Re-cluster 
analysis of W-3Re specimen irradiated to 1 dpa at 800°C was performed using APT technique. It revealed that Re 
clustering was not occurred yet in this heavy ion irradiation condition. Unlike neutron irradiation, Re clusters 
were not formed due to the fact that the irradiation rates of ion irradiation was 100 times faster or more. 
By using pure W and W-10Re alloys which had been irradiated almost same condition under different nuclear 
transformation rate, it is experimentally clarified the mechanism regarding that if the transmutation rate is small, 
the vacancy cluster is formed then Re atoms gradually segregates around it, whereas if the transmutation rate is 
large, Re cluster formed at early stage of irradiation and affects subsequently on microstructural develop behavior. 
And the AP is useful experimental method for investigating the behavior of solute atom cluster in neutron 
irradiated W and to quantify the amount of transmutation elements. On the other hand, it is clear that there is a 
limit to investigate directly the relationship between solute cluster and irradiation induced defects cluster in detail. 
It was shown that the combined use of AP and TEM is necessary for comprehensive elucidation for irradiation 
defect aggregates contributing to irradiation hardening.  
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